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Transepithelial potential difference of the early distal tubule:
Further observations on electrode techniques. Investigators using
large tip microelectrodes (3- to 5- tips) have reported a signifi-
cantly positive transepithelial potential difference (PD) of ap-
proximately + 7 mY in early distal segments of the rat kidney in
vivo. This finding has been challenged recently and ascribed to
an artifact arising from influx of tubular fluid into the tip of the
large tip microelectrode producing depolarization of the trans-
epithelial membrane. The present micropuncture study reexam-
ines this question. With large tip microelectrodes filled with 3 M
potassium chloride, the mean PD was +6.8 mY when influx of
tubular fluid into the electrode tip was permitted. When the 3 M
potassium chloride-to-tubular fluid interface was deliberately ad-
justed to the extreme tip of the large tip microelectrode, the
mean PD was —11.9 mV. This reading was associated, however,
with a 24-mmoleslliter increase in chloride concentration in the
adjacent tubular fluid, implying potassium chloride leakage from
the electrode tip. Furthermore, microperfusion studies of early
distal segments using artificial early distal fluid (AEDF) with
varying potassium chloride concentrations indicated that this de-
gree of potassium chloride leakage could readily account for the
negative PD. In other experiments, large tip microelectrodes
filled with AEDF yielded a mean early distal PD of approximately
+6 mY during either efflux of electrode solution into the tubular
fluid or influx of tubular fluid into the electrode tip, showing that
movement of tubular fluid into the electrode tip did not depolar-
ize the transepithelial membrane or produce an erroneous PD.
When Ling Gerard electrodes were used, a transepithelial PD of
—7.7 mV was recorded with electrodes filled with 3 M potassium
chloride and + 10.3 mV with electrodes filled with AEDF. Ap-
propriate correction of these values for tip potential changes
yielded corrected mean transepithelial PD'S of —1.1 mV and +7.2
mV, respectively. Thus, a significantly positive PD was found in
early distal segments when either large tip electrodes or AEDF-
filled Ling Gerard electrodes were used. Although inconsistent
results were obtained with Ling Gerard electrodes filled with 3 M
potassium chloride, appropriate corrections for tip potential
changes yielded a positive PD in 50% of measurements. We con-
clude that the early distal tubule of the rat kidney has a positive
PD as reported previously and that large tip microelectrodes,
used correctly, are suitable for in vivo transepithelial PD mea-
surements in these segments.
Difference de potentiel transépithélial dans le tube distal précoce:
Nouvelles observations sur techniques electrodes. Les chercheurs
qui utilisent des microélectrodes a grand diamètre de pointe (3 a
5 ) ont observe une difference de potentiel (PD) transCpithéliale
positive d'approximativement 7 mV dans les segments distaux
précoces du rat in vivo. Cette constatation a été remise en ques-
tion rCcemment et rapportCe a un artefact lie a la pCnCtration de
liquide tubulalre dans l'extrémité de microélectrodes a grand
diamCtre de pointe, ce qui produirait une dépolarisation de Ia
membrane transepitheliale. Ce travail en microponctions envis-
age a nouveau ce probleme. Avec des microélectrodes a grand
diamCtre de pointe remplies avec du chlorure de potassium 3 M la
PD moyenne est de 6,8 mV quand Ic liquide tubulaire pCnCtre
dans l'extrémité de l'Clectrode. Quand l'interface entre le chlo-
rure de potassium 3 M et Ic liquide tubulaire est maintenu a
l'extrême pointe de l'Clectrode la PD moyenne est de — 11,9 mV.
Cependant cette lecture est contemporaine d'une augmentation
de 24 mmoles/liter de Ia concentration de chlore dans le liquide
tubulaire voisin, cc qui implique Ia fuite de chlorure de potassium
a partir de l'extrdmité de l'électrode. Dc plus, les etudes par
microperfusion des segments distaux precoces avec du liquide
tubulaire distal artificiel (AEDF) a différentes concentrations de
chlorure de potassium indique que cc degre de fuite de chlorure
de potassium peut rendre compte de Ia PD negative. Dans
d'autres experiences, les microélectrodes remplies de AEDF ont
donné une PD moyenne de +6 mY, aussi bien pendant la péné-
tration de liquide tubulaire dans l'Clectrode que pendant Ic pas-
sage de solution de l'electrode dans Ic tube, cc qui indique que la
pénétration du liquide tubulaire ne depolarise pas la membrane
transépithéliale et ne produit pas une PD fausse. Quand les élec-
trodes Liiig Gerard ont été employees, une PD de —7,7 mY a Cté
obtenue avec des electrodes remplies de chlorure de potassium
de 3 M de + 10,3 mY avec des electrodes remplies d'AEDF.
Les corrections de ces valeurs pour Ic potentiel de pointe about-
issent a —1,1 mV et +7,2 mV, respectivement. Ainsi une PD
positive est observCe dans les segments distaux précoces, que cc
soit avec des electrodes de grand diamétre de pointe ou avec des
electrodes de Ling Gerard remplies de AEDF. Bien que des ré-
sultats non reproductibles aient été obtenus avec les electrodes
Ling Gerard remplies de chlorure de potassium 3 M, les correc-
tions adéquates pour le potentiel de pointe aboutissent a une PD
positive dans 50% des mesures. Ii est conclu que Ic tube distal
précoce du rat a une PD positive comme il a été rapporté antéri-
eurement et que les microélectrodes a pointe large, quand elles
sont utilisées correctement, conviennent aux mesures des PD
transCpithCliales dans ces segments.
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Results from early micropuncture studies indicat-
ed the presence of a large negative transepithelial
potential difference (PD), of the order of —50 my,
existing along the entire length of the distal tubule
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of the rat kidney [1—7]. In 1971, Wright [8] reported
a definite PD profile along the rat distal tubule, early
segments having a relatively small negative PD of
approximately —12 my in comparison to late seg-
ments with a PD of approximately —45 mY. Similar
results were published subsequently by Malnic and
Giebisch [9]. In all of the studies quoted above, PD
measurements were made using traditional Ling
Gerard electrodes.
Recently, some doubt has been cast on the validi-
ty of transepithelial PD measurements made with
Ling Gerard electrodes because of difficulties with
accurate tip localization, high and fluctuating tip po-
tentials, and relatively high tip resistances with re-
sultant instability of PD recordings [10—13]. In an ef-
fort to circumvent these problems, some investiga-
tors have used electrodes with larger tips of 3 to 5 i
in external diameter, so-called macroelectrodes, for
transepithelial PD measurements [13—20]. Using
such macroelectrodes, Barratt et al [16] reexamined
the transepithelial PD of the distal tubule of the rat
kidney and reported that early distal segments had a
significantly positive PD of approximately + 4 mV,
whereas late segments, identified morphologically
as cortical collecting tubules, had a negative PD of
approximately —20 my.
The use of macroelectrodes for distal PD mea-
surements has been challenged recently by Temple-
Smith, Constanzo, and Windhager [21] and Hay-
slett et al [22, 23]. These investigators also found a
significantly positive PD in early distal segments us-
ing macroelectrodes but claimed that this PD was an
artifact arising from movement of tubular fluid into
the tip of the electrode, an event that was thought to
depolarize the transepithelial membrane. They
showed that if the interface between the 3 M potas-
sium chloride in the electrode and the tubular fluid
was positioned carefully at the extreme tip of the
macroelectrode during a PD recording, results simi-
lar to those previously published for Ling Gerard
electrodes were obtained: thus, early distal seg-
ments were found to have a mean PD of —17.7 mY
[22].
In the present micropuncture study, we have re-
examined the use of macro and Ling Gerard elec-
trodes for PD measurements in early distal segments
of the rat kidney. Specifically, we designed our ex-
periments to examine: (1) the importance of the po-
sition of the electrode filling solution: tubular fluid
interface in relation to the tip of the macroelectrode
during PD measurements; (2) the possibility that the
relatively large negative PD of —17.7 my recorded
in early distal segments by Hayslett et al [22] using
macroelectrodes might be due to leakage of highly
concentrated potassium chloride from the electrode
tip into the tubular fluid, thereby creating a large
local potassium concentration gradient and hence
diffusion PD across the transepithelial membrane;
(3) the influence on the PD of different filling solu-
tions in Ling Gerard electrodes, and (4) possible
correction factors required for Ling Gerard elec-
trodes due to changes in tip potential resulting from
immersion in fluids of different ionic composition.
Our results indicate that the true PD of the early
distal tubule of the rat kidney is approximately + 7
mV as reported previously by us [17] (Allen, Bar-
ratt, submitted for publication) and that the macro-
electrode, used correctly, is suitable for measure-
ment of the transepithelial PD in distal nephron seg-
ments in vivo. Values for PD'S obtained with Ling
Gerard electrodes appear to require appropriate
correction for alterations in tip potential that arise
when these electrodes are transferred from one
fluid to another of different ionic composition. In
addition, our results suggest that the negative PD of
—17.7 mV in early distal segments reported by Hay-
slett et al [22] using macroelectrodes is a trans-
epithelial potassium diffusion PD produced by leak-
age of concentrated potassium chloride from the
electrode into the adjacent tubular fluid.
Methods
Studies were performed on 47 male members
of a locally inbred strain of Ginger hooded rats
with a weight range of 200 to 310 g. Each animal
was anesthetized with mactin (Promonta, Germa-
ny) in a dose of 100 mg/kg of body wt before they
were prepared for routine micropuncture of the left
kidney, as described previously [13]. Ringer's bi-
carbonate solution (in millimoles per liter: sodium,
140; potassium, 5; chloride, 115; bicarbonate, 30)
was infused at 0.1 ml/min throughout all experi-
ments.
Electrical measuring system. Distal PD measure-
ments were made with both macroelectrodes
(sharpened tips of 3- to 5- O.D.) and Ling Gerard
electrodes (< 1-js O.D.) filled with either 3 M potas-
sium chloride or artificial early distal tubular fluid
(AEDF) of the composition indicated in Table 1.
Tip resistance and tip potential characteristics were
measured in all electrodes. Ling Gerard electrodes
were filled with electrode solution by either a modi-
fication of the technique described by Nastuk [24]
(group A) or the method of Tasaki, Polley, and Or-
rego [25] (groups E and F).
Electrodes were inserted into a perspex chamber
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Table 1. Composition of the artificial early distal tubular fluid (AEDF) used in experiments a
Cations Anions
Sodium 48 mmoles/Iiter Chloride 34 mmoles/Iiter
Potassium 2 mmoles/liter Bicarbonate 10 mmoles/liter
Magnesium 1 mmoles/liter Hydrogen phosphate 3 mmoles/liter
Calcium 1 mmoles/liter Acetate
Sulphate
2 mmoles/liter
1 mmoles/liter
a Osmolality, 200 mOsm/kg.
filled with 3 M potassium chloride, and electrical
contact was established with a silver-silver chloride
electrode mounted in the chamber and connected to
the input of an electrometer (Keithley Instruments,
model 602). The electrometer was connected to a
dual channel recorder (Rikadenki, model B261). A
reference calomel electrode with a 3 M potassium
chloride bridge made appropriate contact with the
cut end of the rat's tail via a small container of Ring-
er's bicarbonate solution. With the measuring elec-
trode in contact with Ringer's bicarbonate solution
covering the kidney surface, a nominal zero was set
for the electrical system by means of a potentiome-
ter on the reference side of the circuit. When two
electrodes were used simultaneously, an additional
electrometer and potentiometer were used.
Potential difference measurements with macro-
electrodes. In PD measurements made with macro-
electrodes, the level of the electrode filling solution
within the tapered tip of these electrodes was ad-
justed by changing the pressure in the perspex elec-
trode holding chamber, which was connected via a
side arm to either a micrometer syringe or a Landis-
type pressure regulating apparatus. To facilitate this
maneuver, we colored the electrode filling solution
with either 0.4% lissamine green (3 M potassium
chloride) or 0.16% FD&C dye (AEDF). Prior to
each puncture, the pressure in the electrode holder
was adjusted so that microscopically a minute
stream of colored electrode solution could be seen
issuing from the tip of the macroelectrode into the
Ringer's bicarbonate bath fluid. A distal tubular
segment, identified by its characteristic translucent
appearance, was then punctured, and the tip of the
electrode was localized within the lumen by observ-
ing a rapid spontaneous flow of tubular fluid into the
tip of the pipette resulting from the higher pressure
in the tubule [16]. A PD was accepted only after a
stable reading for at least 20 sec. The macroelec-
trode was subsequently withdrawn from the tubule
and placed back into the Ringer's bicarbonate bath-
ing solution, and a postpuncture zero was read
when a small stream of colored electrode fluid was
again visible beyond the tip of the pipette. If there
was a small discrepancy in the zero reading before
and after puncture ( 2 mV), this difference was
averaged to determine the mean zero position.
Potential djfference measurements with Ling Ge-
rard electrodes. In contrast to the technique used
for macroelectrodes, it was not possible to localize
the Ling Gerard electrode tips within the tubular lu-
men by direct vision. Instead, localization was
achieved by an indirect technique in which the rapid
development of a reversible PD was observed dur-
ing the passage past the electrode tip of a bolus of
either 0.15 M choline chloride or a high potassium
solution (AEDF plus 38 mmoles/liter potassium
chloride) perfused into a proximal tubular segment
of the same nephron. In the latter instance, a PD
change of at least —10 mY was required. Having
ensured an accurate intraluminal placement of the
electrode tip by this technique, we recorded the
transepithelial PD, and we withdrew the electrode
tip subsequently back into the Ringer's bicarbonate
solution bathing the kidney. Not infrequently, small
variations from the prepuncture zero position were
observed after puncture and were accepted if less
than 5 mY. In such instances, a mean zero position
was determined by averaging the zero reading be-
fore and after the puncture. Electrode tip potentials
and resistances were measured before and after
each impalement, and where major differences were
observed, PD readings were rejected and electrodes
discarded.
Identification of early distal segments. Following
each free-flow PD recording, the punctured ioop
was identified as either an early, late, or single sur-
face segment of the distal tubule by observing the
transit of a bolus of 0.16% FD&C colored Ringer's
bicarbonate solution microperfused into a proximal
tubular segment of the same nephron. Because
single distal segments could not be readily localized
as either early or late distal tubule by this tech-
nique, data from these segments were discarded.
We have shown previously that in the Ginger hood-
ed rats used in these experiments, early distal seg-
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ments identified by the technique described above,
invariably have a positive PD and epithelium char-
acteristic of distal convoluted tubule, whereas late
segments invariably have a negative PD and epithe-
hum characteristic of cortical collecting tubule (Al-
len, Barratt, submitted for publication). These re-
suits are identical to those previously reported for
the Munich Wistar rat [16].
Group A (10 rats): Macro vs. Ling Gerard elec-
trodes filled with 3 M potassium chloride. In these
experiments, the transepithelial PD of early distal
segments was measured with both macro and Ling
Gerard electrodes filled with 3 M potassium chlo-
ride. An initial PD recording was made following the
puncture of an early distal segment with either a
macro or Ling Gerard electrode. With this electrode
still in position, the same distal segment was then
punctured with the alternative electrode, and the PD
was recorded by both electrodes simultaneously.
These experiments provided data on differences be-
tween macro and Ling Gerard electrode measure-
ments of the early distal PD and additionally enabled
us to examine the effect of varying the position of
the electrode solution in relation to the tubular fluid
interface within the macroelectrode tip on the PD,
as recorded simultaneously by both electrodes.
Group B (3 rats): Macroelectrodes filled with arti-
ficial early distal fluid (AEDF). The importance of
the position of the macroelectrode filling solution to
the tubular fluid interface on the transepithelial PD
was further examined by using macroelectrodes
filled with AEDF. Potential differences were re-
corded under two conditions: first, with coloured
electrode filling solution visibly trickling from the
electrode tip, and second, during gentle aspiration
of tubular fluid into the electrode tip. Each PD read-
ing was corrected for a liquid junction potential
existing between the AEDF in the electrode and the
Ringer's bicarbonate solution bathing the kidney
surface. The liquid junction potential was measured
for each electrode, and each PD was corrected indi-
vidually. A mean measured liquid junction potential
of —2.6 0.4 mY was obtained. Although this val-
ue differs from the calculated value of —5.4 my ob-
tained by the Henderson equation [26, 27], such a
discrepancy between measured and calculated liq-
uid junction potentials has been noted in previous
studies [26, 28].
Group C (14 rats): Macroelectrodes filled ii'ith 3 M
potassium chloride—Influence of the position of the
potassium chloride-to-tubular fluid interface on the
chloride concentration of adjacent tubular fluid.
These experiments were designed to examine the
possibility that the relatively large negative PD of
—17.7 mY recorded in early distal segments by
Hayslett et at [22] using macroelectrodes might be
due to leakage of highly concentrated potassium
chloride from the electrode tip into the tubular fluid,
thereby creating a large local potassium concentra-
tion gradient and hence diffusion PD across the
transepithelial membrane.
Two pipettes with tips adjacent were inserted into
each distal segment. The first pipette was a macro-
electrode filled with 3 M potassium chloride, and the
second, a collecting pipette (5 to 8 js O.D.) filled
with colored light weight mineral oil. Potential dif-
ference measurements were made with the 3 M po-
tassium chloride-to-tubular fluid interface adjusted
to the tip of electrode according to the visual and tip
resistance criteria used by Hayslett et al in their ex-
periments [22]. Specifically, we ensured that the
colored electrode solution was not visible beyond
the tip of the electrode and that clear tubular fluid
did not visibly enter the tip of the electrode. Tip
resistances during PD measurements were adjusted
to be 0.2 megaohm (Mfl) higher than the resistance
measured when a fine stream of colored 3 M potas-
sium chloride was deliberately made to emerge
from the pipette tip. These conditions were
achieved by changing the hydrostatic pressure in
the electrode holding chamber by either an attached
micrometer syringe (five experiments) or Landis
pressure-regulating apparatus (five experiments)
[29].
Once a stable PD and tip resistance reading was
established (Fig. 1), tubular fluid was collected
slowly into the collecting pipette. Apart from an ini-
tial gentle aspiration, the influx of tubular fluid into
this pipette occurred spontaneously, thus mini-
mizing hydrostatic pressure changes in the tubule.
Oil blocks were not used. Potential difference and
tip resistance monitoring was continued during each
collection. In those occasional instances where the
3 M potassium chloride visibly entered the tubular
lumen or where a decrease in tip resistance oc-
curred during collection, the tubular fluid sample
was discarded. Tubular fluid samples were analyzed
subsequently for chloride concentration by the
modified microcoulometric technique of Ramsay,
Brown, and Croghan [30]. Control samples for mea-
surement of early distal chloride concentration
were collected under two conditions: first, from
randomly chosen otherwise unpunctured early dis-
tal segments; and second, from tubules in which the
collecting pipette was placed adjacent to a macro-
electrode filled with 3 M potassium chloride into
C+20
+10
0
—10
20 sec
which tubular fluid was being gently aspirated, thus
simulating the PD measurement technique recom-
mended previously by Ban-att et a! [13, 16].
Group D (10 rats): Microperfusion studies—As-
sessment of the influence of potassium chloride on
the early distal PD. To assess the effect of intra-
luminal potassium chloride on the early distal pd,
we performed a series of microperfusion studies us-
ing perfusates of varying potassium chloride con-
Fig. 2. Microperfusion technique for early distal PD measure-
ments. Microperfusion of an early distal segment was performed
through pipette no. 1. A proximal oil block was injected through
pipette no. 2, which was used subsequently to collect proximal
tubular fluid. Pipette no. 3 was a macroelectrode filled with 3 as
potassium chloride and inserted into the early distal segment.
centrations. The technique is illustrated in Fig. 2.
Early distal segments were identified by injecting a
bolus of coloured perfusate via a perfusion pipette
(tip, 4 to 6 /.L O.D.) into a randomly chosen proximal
tubule. This pipette was then withdrawn and in-
serted into the upstream portion of an identified
early distal segment. A proximal segment of the
same nephron was punctured by a second pipette
(tip, 8 to 10 js O.D.) containing Sudan black stained
castor oil. Subsequently a macroelectrode filled
with 3 M potassium chloride was positioned in the
early distal segment 2 to 3 tubular diameters down-
stream from the perfusing pipette. The free-flow PD
was recorded with the 3 M potassium chloride-to-
tubular fluid interface within the electrode, follow-
ing which distal microperfusion was commenced at
55 nl!min. A long oil block was introduced to pre-
vent proximal to distal flow, and the proximal tubu-
tar fluid was collected subsequently into the oil-
filled pipette. The early distal PD was recorded
again under these conditions of distal micro-
perfusion.
Four different perfusates were used, varying only
in their potassium chloride concentration. The basic
perfusate in each instance was artificial early distal
fluid (Table 1), and the potassium chloride concen-
trations used were 2, 10, 20, and 40 mmoles/liter. To
eliminate observer bias, we masked the perfusates
for these experiments, and we revealed them only
at the end of each experiment.
Group E (6 rats): Ling Gerard Electrodes —3 M
potassium chloride vs. AEDF filling solution. It has
been suggested that some of the apparent problems
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Fig. 1. Tracing of early distal transepithelial PD measured by a macroelectrode filled with 3 M potassium chloride, with its chloride-to-
tubular fluid interface adjusted to the electrode tip. Pulses represent current injections to permit frequent estimations of electrode tip
resistance during the PD recording. In the case illustrated, when potassium chloride was visibly trickling from the electrode tip, the tip
resistance was 1.19 M (not shown in tracing). With the chloride-to-tubular fluid interface adjusted to the electrode tip during the PD
recording, the mean tip resistance was 1.40 MD (illustrated above).
_____. No. 1 pipette
microperfusion
No. 2 pipette
oiIfiIled
Oil block
No.3 pipette
electrode
3M (CI
Electrode techniques in distal tubule electrophysiology 29
Table 2. Comparison of potential difference (PD) values measured in the same early distal segments with both Ling Gerard and
macroelectrodes filled with 3 M potassium chloride (group A)
PD
mV
Ling Gerard Macroelectrode
Initial puncture with Ling Gerard electrode (N = 24)
Subsequentpuncturewithmacroelectrode(N = 14)
Initial puncture with macroelectrode (N = 18)
Subsequent puncture with Ling Gerard electrode (N = 10)
—11.2 2.4
—4.3 1.4
—
—4.8 1.1
—
+4.3 0.7
+6.8 0.6
+4.2 0.5
apD values represent means suM. N denotes the number of PD measurements made in each situation.
associated with the use of Ling Gerard electrodes in
transepithelial PD measurements may be eliminated
by altering the electrode filling solution from highly
concentrated 3 M potassium chloride to a solution of
similar or identical composition to that encountered
by the electrode tip during PD measurement [12].
For this reason, we compared early distal PD mea-
surements made with Ling Gerard electrodes filled
with either 3 M potassium chloride or AEDF. In
each instance, both electrodes were inserted into
the same early distal segment and PD'S measured
simultaneously. Transepithelial PD'S were cor-
rected individually for the change in tip potential
measured in vitro when each electrode was trans-
ferred from Ringer's bicarbonate solution to AEDF.
Group F (4 rats): Ling Gerard electrodes filled
with 3 M potassium chloride —Chloride concentra-
tion of adjacent tubular fluid. To investigate the
possibility of significant potassium chloride leakage
from the tip of Ling Gerard electrodes filled with 3
M potassium chloride, we measured the chloride
concentration in the tubular fluid adjacent to the tip
of such electrodes during PD measurement. Follow-
ing insertion of the electrode into the tubular lumen,
a PD recording was made. A collecting pipette (5 to
8 s O.D.) filled with light-weight mineral oil was
then inserted immediately alongside the electrode
tip, and the tubular fluid was collected slowly. Po-
tential difference was monitored during each collec-
tion. Tubular fluid samples were analyzed sub-
sequently for chloride concentration by the modi-
fied microcoulometric technique of Ramsay,
Brown, and Croghan [30]. Control samples were
collected from randomly chosen, otherwise un-
punctured, early distal segments in the same ani-
mals.
Results
Group A: Macro vs. Ling Gerard electrodes filled
with 3 M potassium chloride. The results of these
experiments are summarized in Table 2. Initial
puncture of early distal segments with Ling Gerard
electrodes filled with 3 M potassium chloride yield-
ed a mean transepithelial PD of —11.2 2.4 mV, a
value similar to that reported previously by Hays-
lett et al [22] and others [8, 9]. When a macroelec-
trode filled with 3 M potassium chloride was in-
troduced subsequently in the same early distal tu-
bule and the tubular fluid aspirated gently into the
electrode tip, the mean early distal PD measured by
the Ling Gerard electrode became substantially less
negative at —4.3 1.4 mY whereas the macroelec-
trode recorded a significantly positive mean PD of
+4.3 0.7 mY. These two PD results were signifi-
cantly different (P <0.001).
Initial puncture with a macroelectrode filled with
3 M potassium chloride yielded a mean early distal
transepithelial PD of +6.8 0.6mV, a result similar
to that reported previously by Barratt et a! using
macroelectrodes [17] (Allen, Barratt, submitted for
publication). Subsequent puncture of the same
early distal segments with a Ling Gerard electrode
resulted in a decline in the macroelectrode PD to a
value of +4.2 0.5 mY, whereas the Ling Gerard
PD measured simultaneously was —4.8 1.1 mY.
These values were also significantly different from
each other (P < 0.001).
In these experiments, a positive PD was recorded
by Ling Gerard electrodes during 4 of 34 punctures.
Of these 4 positive PD'S, 3 were recorded spontane-
ously during initial puncture by the Ling Gerard
electrode and before the introduction of a macro-
electrode into the tubule. In this group of experi-
ments, corrections were not made for changes in tip
potential arising from transfer of the Ling Gerard
electrode from Ringer's bicarbonate to early distal
fluid.
Group B: Macroelectrodes filled with AEDF. To
determine the importance of the position of the
macroelectrode solution-to-tubular fluid interface
on the transepithelial PD, we made measurements
with macroelectrodes filled with AEDF (Fig. 3).
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Table 3. The influence of the position of the interface between the macroelectrode filling solution (3 M potassium chloride) and the tubular
fluid on the transepithelial PD and the tubular fluid chloride concentration of early distal segments (group C)
Chloride-to-tubular
fluid interface
PD
mV
Chloride concentration
in tubular fluid
mmoles/liter
No electrode in place (N = 37) — 25.5 1.2
Tubular fluid influx into electrode (N = 30) +3.6 0.5 26.3 0.9
Interface at electrode tip adjusted by micrometer syringe (N 16)
Interface at electrode tip adjusted by Landis apparatus (N = 22)
—13.6 1.6
—10.7 1.2
55.7 5.0
44.8 3.1
a Values represent means SEM. N denotes the number of measurements made in each group.
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electrodes filled with 3 M potassium chloride and
placed in early distal segments. During tubular fluid
collections, the chloride-to-tubular fluid interface in
the electrode was adjusted to lie either within the
tapered portion of the electrode (using gentle aspi-
ration) or at the extreme tip as determined by the
visual and tip resistance criteria discussed under
Methods. The results are shown in Table 3. With
the chloride-to-tubular fluid interface aspirated into
the tapered portion of the electrode, the mean early
distal PD was +3.6 0.4 mV, and the mean chloride
concentration in the adjacent tubular fluid was 26.3
0.9 mmoles/liter.
In five experiments, the early distal PD was re-
corded initially with gentle aspiration on the elec-
trode and subsequently with the chloride-to-tubular
fluid interface adjusted to the electrode tip by
means of a micrometer syringe attached to the side-
arm of the electrode holder.
The mean PD was +4.5 0.4 mY during aspira-
tion of tubular fluid into the electrode and —13.6
1.6 my with the chloride-to-tubular fluid interface
adjusted to the electrode tip. The mean tip resist-
ance was 11.7 2.8 Mfl during influx of tubular
fluid into the electrode, 0.6 0.2 M with 3 M po-
tassium chloride trickling from the electrode tip and
0.8 0.2 Mfl with the 3 M potassium chloride-to-
tubular fluid interface adjusted to the tip. Under the
latter circumstances, the chloride concentration in
the adjacent tubular fluid was 55.7 5.0 mmoles/
liter, significantly higher than the value of 26.3
0.9 mmoles/liter measured during aspiration of
tubular fluid into the electrode tip (P <0.001).
We repeated these measurements in a further five
experiments, using a Landis-type pressure regulat-
ing apparatus rather than a micrometer syringe to
adjust the potassium chloride-to-tubular fluid inter-
face. In these experiments, with the interface appar-
ently at the electrode tip, the mean early distal PD was
—10.7 1.2 mV, the mean tip resistance was 1.2
0.1 Mfl, and the mean chloride concentration in the
adjacent tubular fluid was 44.8 3.1 mmoles/liter.
Fig. 3. Paired early distal PD'S measured with macroelectrodes
filled with artificial early distal fluid during A influx of tubular
fluid into the electrode tip, and B efflux of electrode solution into
the tubular fluid. Mean values are indicated by the broken line.
The mean measured PD was +8.0 i.0 mV with
colored electrode filling solution visibly trickling
from the electrode tip, whereas during gentle aspi-
ration of the tubular fluid into the electrode, the
mean PD was +9.9 1.1 mV (N = 23). Subsequent
correction of individual PD values for the liquid
junction potential existing between AEDF and
Ringer's bicarbonate solution measured in vitro
yielded corrected transepithelial PD'S of +5.4 1.0
mV and +7.3 1.1 mV, respectively. The mean PD
was significantly positive in both instances, with a
small but significant difference between the two val-
ues P <0.01).
Group C.' Macroelectrodes filled with 3 M potas-
sium chloride —Influence of the position of the potas-
sium chloride-to-tubular fluid interface on the chlo-
ride concentration of adjacent tubular fluid. In
these experiments, we measured the tubular fluid
chloride concentration adjacent to the tip of macro-
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Table 4. The influence of potassium chloride concentration on
the transepithelial n as determined by microperfusion studies
(group D)
Basic
perfusate
Perfusate KC1
concentration
mmoleslliter
pu
mV
AEDF 2 +1.9±0.5
(N=32)
AEDF 10 —4.5 0.7
(N= 17)
AEDF 20 —9.8 1.0(N = 20)
AEDF 40 —17.7 1.6(N = 18)
a PD values represent means SCM. AEDF is artificial early
distal fluid. N denotes the number of perfused early distal seg-
ments in which PD measurements were made.
This latter value was significantly higher than the
value of 26.3 0.9 mmoles/liter measured during
aspiration of tubular fluid into the electrode (P <
0.001).
Finally, the chloride concentration was measured
in tubular fluid samples collected from otherwise
unpunctured early distal segments. The mean chlo-
ride concentration was 25.5 1.2 mmoles/liter, a
value not significantly different from that measured
from tubules in which a simultaneously placed
macroelectrode was being gently aspirated (Table
3).
Group D: Microperfusion studies —Assessment
of the influence of potassium chloride on the early
distal PD. Distal microperfusion studies were per-
formed with a basic perfusate of AEDF of increasing
potassium chloride concentrations to assess the ef-
fect of intraluminal potassium chloride on the early
distal PD. The results are illustrated in Table 4. Per-
fusion with basic AEDF containing 2 mmoles/liter
potassium chloride yielded a significantly positive
PD of +1.9 0.5 mY. With increasing potassium
concentrations, the PD became progressively nega-
tive, yielding a value of —17.7 1.6 mY at a potas-
sium concentration of 40 mmoles/liter.
Group E: Ling Gerard electrodes —3 M potassium
chloride vs. AEDF filling solution. To reduce prob-
lems associated with variable tip potentials, we
made early distal PD measurements with Lmg Gerard
electrodes filled with AEDF. The results were com-
pared with those obtained simultaneously in the
same tubular segments when Ling Gerard elec-
trodes filled with 3 M potassium chloride were used.
Results are given in Table 5. The mean measured PD
obtained when AEDF-filled electrodes were used
for initial puncture was + 10.3 1.3 mY. Correction
of this value for the change in tip potential mea-
sured when the electrode was transferred in vitro
from the Ringer's bicarbonate bath to a solution of
AEDF yielded a mean corrected PD of +7.2 1.0
mY. When an electrode filled with 3 M potassium
chloride was subsequently inserted into the same
tubule, the PD recorded by the AEDF-filled elec-
trode dropped to a corrected value of +3.1 0.7
mY, whereas the electrode filled with potassium
chloride recorded a PD of —5.1 1.9 mV, which
corrected for its tip potential change gave a trans-
epithelial PD of + 1.2 2.1 mV.
Initial puncture with potassium chloride-filled
electrodes gave a mean PD of —7.4 2.0 mV.
Correction of this value for measured changes in tip
potential due to transfer from Ringer's bicarbonate
to AEDF yielded a mean corrected PD of —0.8 2.2
mV, a value not significantly different from zero.
When an AEDF-fllled electrode was subsequently
inserted into the same tubule, the PD recorded by
the potassium chloride-filled electrode changed to a
new corrected value of +1.5 1.7 mY. This was
not significantly different from zero. In contrast, the
corrected PD obtained with the AEDF-fllled elec-
trode was +2.8 1.2 mV.
Group F: Ling Gerard electrodes filled with 3 M
potassium chloride —Chloride concentration of ad-
jacent tubular fluid. In this group, the mean cor-
rected PD value using potassium chloride-filled Ling
Gerard electrodes was —1.4 1.3 mV. The mean
chloride concentration of the tubular fluid adjacent
to the electrode tip was 34.4 1.0 mmoles/liter. In
randomly selected unpunctured early distal tubules
in the same animals, the chloride concentration was
29.9 2.6 mmoles/liter. These two values for chlo-
ride concentration were not significantly different.
Discussion
The results of the present study further validate
the use of macroelectrodes for the measurement of
transepithelial PD'S in vivo and indicate that the true
PD of early distal segments of surface nephrons in
the rat kidney is of the order of + 7 mY. This finding
supports the previous evidence of Barratt et al [16,
17, 19] indicating that a significantly positive PD ex-
ists in the early distal tubule of the rat kidney. Our
data do not support the conclusions of Temple-
Smith, Constanzo, and Windhager [211 and Hayslett
et al [22, 23] that the early distal PD is significantly
negative and that the positive PD found in early dis-
tal segments with macroelectrodes is an artifact
produced by depolarization of the tubular mem-
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Table 5. Comparison of PD values measured in the same early distal segments using Ling Gerard electrodes filled with either 3 M
potassium chloride or artificial early distal fluid (AEDF) (group E)
PD with AEDF
electrode, mV
PD with potassium chloride
electrode, mV
Measured CorrectedMeasured Corrected
Initial puncture with AEDFelectrode (N = 17)
Subsequentpuncturewithchlorideelectrode(N = 17)
Initial puncture with chloride electrode (N = 15)
SubsequentpuncturewithAEDFelectrode(N = 15)
+10.3 1.3 +7.2 1.0
+6.2 1.1 +3.1 0.7
—
—
+5.5 1.6 +2.8 1.2
— —
—5.1 1.9 +1.2 2.1
—7.4 2.0
—0.8 2.2
—5.5 1.4 +1.5 1.4
a PD values represent means SEM. N denotes the number of PD measurements.
brane secondary to influx of tubular fluid into the tip
of the electrode.
An earlier study of Barratt et al [16] has been crit-
icized for not including simultaneous measurements
of early distal PD' s with both macro and Ling Ge-
rard electrodes [22]. These measurements were per-
formed in the present study (group A experiments).
With both electrodes in place in a single early distal
segment, the macroelectrode PD was invariably and
significantly positive at +4.3 mY, whereas the Ling
Gerard PD was significantly negative at —4.5 mY.
These findings are similar to those obtained by
Hayslett et al [22], but as indicated by the data from
our group E studies, the two PD values are not
strictly comparable because it appears that the Ling
Gerard PD'S require correction for changes in tip
potential arising from transfer of the electrodes
from Ringer's bicarbonate to early distal fluid. In
the group A experiments, it was also noted that
when both electrodes were in place, the mean PD
for each was smaller than when a single electrode of
either type had been positioned in the tubular lumen
(Table 2). Hayslett et al [22] suggested that the fall
in PD recorded by a Ling Gerard electrode following
impalement by a macroelectrode arose secondary
to influx of tubular fluid into the macroelectrode tip
producing depolarization of the transepithelial
membrane. Our data would suggest that because a
fall in the magnitude of the recorded PD was
observed with both types of electrodes in response
to a second impalement, the likely explanation was
a degree of electrical shunting arising from double
puncture of the same nephron segment.
In the experiments performed in our group B ani-
mals, macroelectrodes were filled with artificial
early distal fluid (AEDF) to examine the effect on
the PD of shifting the tubular fluid-to-electrode solu-
tion interface from within the electrode tip to
beyond the tip. The PD' s were invariably positive
(mean, approx. +6 mY), regardless of the position
of the electrode solution-to-tubular fluid interface
(Fig. 3). In particular, there was no evidence that
influx of tubular fluid into the electrode tip caused
depolarization of the transepithelial membrane. The
slight decrease in mean PD noted during efflux of
electrode solution into the tubular fluid might be ex-
plained by minor differences in ionic composition
between the real early distal fluid and AEDF in the
electrode, with the latter mildly contaminating the
fluid in the tubule adjacent to the electrode tip.
As a logical extension of their conclusion that in-
flux of tubular fluid into the tip of the macroelec-
trode resulted in depolarization of the trans-
epithelial membrane of the distal tubule, Hayslett et
al [22] measured the early distal PD with macroelec-
trodes filled with 3 M potassium chloride in
which the electrode solution-to-tubular fluid inter-
face was deliberately adjusted to coincide with the
extreme tip of the electrode. The exact position of
the interface was determined by visual and carefully
calculated tip resistance criteria. With this tech-
nique, an early distal PD of —17.7 mV was obtained,
virtually identical to that reported previously for
early distal segments in which measurements were
made with Ling Gerard electrodes ifiled with 3 M
potassium chloride [9, 22]. These investigators con-
cluded that PD'S recorded by macroelectrodes were
valid if the electrode solution-to-tubular fluid inter-
face was adjusted to the electrode tip as described
above.
In view of our data indicating that influx of tubu-
lar fluid into the tip of the electrode did not depola-
rize the transepithelial membrane (group B experi-
ments) and was not essential to the production of a
positive PD ifl early distal segments (group E experi-
ments), we were concerned that the relatively large
negative PD recorded in early distal segments by
Hayslett et al using macroelectrodes might be due
to leakage of highly concentrated potassium chlo-
ride from the electrode tip into the tubular fluid,
thereby creating a large local potassium gradient
and hence a diffusion PD across the transepithelial
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membrane. The data obtained in our group C exper-
iments showed conclusively that when macroelec-
trodes filled with 3 M potassium chloride were used
and the tubular fluid-to-electrode solution interface
was adjusted to the electrode tip according to the
strict visual and tip resistance criteria suggested by
Hayslett et al, the adjacent tubular fluid had a signif-
icantly higher chloride concentration than that mea-
sured in tubular fluid samples collected either from
randomly punctured early distal segments or along-
side macroelectrodes into which some tubular fluid
influx had been permitted (Table 3). Unfortunately,
our laboratory lacked sufficient technology to per-
mit simultaneous potassium concentration mea-
surements on the tubular fluid samples. Never-
theless, the chloride concentration results provide
strong inferential evidence for a leakage of potas-
sium chloride from the tip of the macroelectrode un-
der the conditions that were imposed to maintain
the electrode solution-to-tubular fluid interface at
the electrode tip. This leakage appeared to account
for an increase in local tubular fluid potassium chlo-
ride concentration of approximately 25 mmoles/li-
ter.
Although there was strong evidence for signifi-
cant potassium chloride leakage from the macro-
electrodes in the group C experiments, there was no
information to indicate what effect, if any, this
might have on the early distal PD. To examine this
question, we performed a series of early distal mi-
croperfusion experiments in our group D animals
(Table 4). With a perfusate of AEDF that contained
2 mmoles/liter potassium chloride, a significantly
positive PD of +1.9 mV was obtained. When the po-
tassium chloride concentration of this solution was
increased to 10 mmoles/liter a PD of —4.5 mY oc-
curred. Subsequent progressive increases in potas-
sium chloride concentration of the perfusate result-
ed in an increasingly more negative PD. From these
experiments, we can predict that a PD of approxi-
mately —12 mV would correspond to a tubular fluid
potassium chloride concentration of 25 mmo!es/li-
ter. This calculated PD iS virtually identical to the
PD recorded under free-flow conditions by macro-
electrodes filled with 3 M potassium chloride with
the electrode solution-to-tubular fluid interface ad-
justed to the electrode tip. We believe that the re-
sults obtained in our group C and D experiments
explain the negative early distal PD'S obtained by
Hayslett et al using macroelectrodes filled with 3 M
potassium chloride.
Our data have answered a further criticism of the
macroelectrode and early distal PD measurements.
It has been suggested [21] that one possible ex-
planation for the discrepancy between PD measure-
ments made with Ling Gerard and macroelectrodes
might relate to changes in the ionic composition of
the tubular fluid in the punctured segment due to
rapid influx of tubular fluid into the electrode tip.
Thus, the possibility of retrograde movement of
fluid from the collecting ducts into the early distal
tubule has been suggested. In our group D experi-
ments, chloride concentrations were measured in
tubular fluid samples collected both from random
early distal segments as well as from segments al-
ready punctured by a macroelectrode. When influx
of tubular fluid into the macroelectrode was clearly
occurring, the mean chloride concentration of the
adjacent tubular fluid was virtually identical to that
found in randomly punctured early distal segments
(Table 3). These data argue strongly against the pos-
sibility that influx of fluid into the tip of macroelec-
trodes might result in significant changes in local
tubular fluid ionic composition and hence influence
the PD.
Further support for the validity of a positive PD
existing in early distal nephron segments of the rat
kidney in vivo was obtained in our group E experi-
ments. Frömter has postulated that the negative
PD'S recorded by Ling Gerard electrodes might be
caused by unstable tip potentials related to charge
separation at the electrode tip due to the existence
of negative fixed charges at the glass surface and a
large concentration gradient existing between the 3-
M potassium chloride electrode filling solution and
the immersion fluid [12]. He suggested that this
problem might be circumvented by replacing the
filling solution with a solution of similar or identical
ionic composition to that existing in the tubular
fluid at the site of puncture. Hence, we compared
PD' s measured in early distal segments using Ling
Gerard electrodes filled with either 3-M potassium
chloride or AEDF. The mean PD measured with the
potassium chloride-filled electrodes was significantly
negative at —7.4 mY, whereas the mean PD obtained
with the AEDF-flhled electrodes was significantly
positive at + 10.3 mY (Table 5). Correction of these
PD values for the change in potential measured in
vitro when each electrode was transferred from
Ringer's bicarbonate to AEDF yielded calculated
mean transepithelial PD'S of —0.8 mV and +7.2 mY,
respectively. The latter value is almost identical to
that obtained using macroelectrodes (Table 2), and
the mean tip potential correction of —2.9 mY corre-
sponds closely to the mean liquid junction potential
of —2.6 mV obtained with AEDF-filled macroelec-
34 Allen and Barratt
trodes. Thus, a positive PD can be recorded consis-
tently in the early distal tubule in the presumed ab-
sence of any significant influx of tubular fluid into
the electrode tip, hence arguing further against the
contention that the positive PD in early distal seg-
ments is an artifact resulting from such a movement
of the tubular fluid-to-electrode solution interface.
These experiments also suggest the necessity
when using 3-M potassium chloride-filled Ling Ge-
rard electrodes to correct PD'S for tip potential
changes arising from transfer of the electrode be-
tween solutions of different ionic composition. With
such a correction, the mean PD obtained with 3-M
potassium chloride-filled Ling Gerard electrodes
was not significantly different from zero (Table 5).
Furthermore, approximately 50% of the corrected
PD'S were actually positive, indicating considerable
inconsistency in results obtained with these elec-
trodes.
Our view that corrections should be made for tip
potential changes when Ling Gerard electrodes
filled with 3 M potassium chloride are used for mea-
surement of transepithelial PD'S in distal segments
differs from that of Hayslett et al [23]. These work-
ers found a tip potential change of — 11.4 mY when
Ling Gerard electrodes filled with 3 M potassium
chloride were transferred from Ringer's bicarbo-
nate to artificial distal tubular fluid in vitro, but were
unable to detect, indirectly, any change in tip poten-
tial between Ringer's bicarbonate and distal tubular
fluid in vivo. Because this discrepancy is most sur-
prising and unexplained and because our artificial
early distal fluid should closely resemble in compo-
sition true early distal fluid, we have chosen to as-
sume that early distal transepithelial PD'S measured
in vivo should be corrected for differences in elec-
trode tip potential measured in vitro between Ring-
er's bicarbonate and artificial early distal fluid.
We are unable to account for the scatter and vari-
able polarity of PD'S measured using potassium
chloride filled Ling Gerard electrodes. The possi-
bility of potassium chloride leakage from the tip of
such electrodes must be considered, however, par-
ticularly in view of the results obtained in our group
C and D experiments. Although, as shown in our
group F experiments, the mean chloride concentra-
tion adjacent to the tip of Ling Gerard electrodes
filled with 3 M potassium chloride was not signifi-
cantly higher than that found in random early distal
segments, there was nevertheless a trend towards
higher values, raising the possibility of some
potassium chloride leakage from some electrodes.
The data from the present study do not support
the findings from previous studies of a relatively
large negative PD in early distal segments of the rat
kidney in vivo. In the recent studies of Hayslett et
al [22, 23], the early distal PD of —17.7 mV reported
for both macro and potassium chioride-ifiled Ling
Gerard electrodes might be explained by postulating
contamination of the tubular fluid by potassium chlo-
ride leaking from the macroelectrodes, but such an
explanation cannot apply to the results of earlier
studies [1-9]. We have no clear explanation for the
discrepancy between our results and those of earlier
studies but would point out that an analogous situa-
tion exists for the proximal tubule, which for many
years was believed to have a transepithelial PD of
approximately —20 mY as determined in numerous
studies in which Ling Gerard electrodes were used
[2, 4]. Although it is now generally accepted that the
major portion of the proximal convoluted tubule has
a significantly positive PD [13, 28], the discrepancy
between this value and the older value of —20 mV
has never been satisfactorily explained.
A number of conclusions can be drawn from the
results of the present study. (1) The PD of the early
distal tubule of the rat kidney is significantly posi-
tive (approximately +7 mV), as reported pre-
viously. (2) Macroelectrodes, used correctly, pro-
vide valid and accurate transepithelial PD measure-
ments in vivo, and because of their low tip
resistances, ease of localization and negligible tip
potentials would appear to be suitable electrodes
for such measurements. (3) In our hands, Ling Ge-
rard electrodes filled with 3 M potassium chloride
appear to provide inconsistent distal PD measure-
ments in vivo, although the exact reason for this is
obscure. Presumably, the problem relates to unpre-
dictable tip potentials with the additional possibility
of potassium chloride leaking from the electrode tip
in some instances. (4) Elimination of these latter
factors by filling Ling Gerard electrodes with a solu-
tion of similar ionic composition to that likely to be
encountered in the tubular lumen, as suggested by
Frömter [12], resulted in an early distal PD of +7.0
mY, similar to that recorded by macroelectrodes.
(5) Influx of tubular fluid into the tip of the macro-
electrode does not depolarize the transepithelial
membrane or produce an erroneous PD. (6) The neg-
ative PD in early distal segments reported by Hays-
lett et al [22] using macroelectrodes appears to be a
transepithelial potassium diffusion PD produced by
leakage of concentrated potassium chloride from
the electrode tip into the adjacent tubular fluid.
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